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Both instrumental data analyses and coupled ocean-atmosphere
models indicate that Atlantic meridional overturning circulation
(AMOC) variability is tightly linked to abrupt tropical North Atlantic
(TNA) climate change through both atmospheric and oceanic
processes. Although a slowdown of AMOC results in an atmospheric-induced surface cooling in the entire TNA, the subsurface
experiences an even larger warming because of rapid reorganizations of ocean circulation patterns at intermediate water depths.
Here, we reconstruct high-resolution temperature records using
oxygen isotope values and Mg/Ca ratios in both surface- and subthermocline-dwelling planktonic foraminifera from a sediment
core located in the TNA over the last 22 ky. Our results show significant changes in the vertical thermal gradient of the upper water
column, with the warmest subsurface temperatures of the last
deglacial transition corresponding to the onset of the Younger
Dryas. Furthermore, we present new analyses of a climate model
simulation forced with freshwater discharge into the North Atlantic under Last Glacial Maximum forcings and boundary conditions
that reveal a maximum subsurface warming in the vicinity of the
core site and a vertical thermal gradient change at the onset of
AMOC weakening, consistent with the reconstructed record. Together, our proxy reconstructions and modeling results provide
convincing evidence for a subsurface oceanic teleconnection linking high-latitude North Atlantic climate to the tropical Atlantic during periods of reduced AMOC across the last deglacial transition.
Mg/Ca paleothermometry ∣ paleoclimate modeling ∣ Bonaire Basin ∣
Heinrich Event ∣ sea surface temperature

O

bservational records of 20th century ocean-temperature
variability in the tropical North Atlantic (TNA) show a
strong anticorrelation between surface cooling and subsurface
warming over the past several decades that is thought to be associated with recent variability in Atlantic meridional overturning
circulation (AMOC) (1). Furthermore, coupled atmosphereocean general circulation model (AOGCM) simulations indicate
that AMOC changes are tightly coupled to tropical Atlantic climate (2–6), revealing a prominent subsurface warming in the
TNA resulting from a major reorganization of intermediatewater circulation in response to AMOC weakening (3, 7, 8). The
subsurface warming and associated change in the vertical thermal
gradient in the western TNA have been identified as an important
fingerprint of AMOC variations (1). However, the validity of the
modeling results during past abrupt climate events, when AMOC
was significantly weakened, has not been fully tested because of
a lack of high-resolution paleoproxy subsurface records. Most
proxy reconstructions in the TNA are for sea surface temperature
(SST), and these records tell an inconsistent story: Some indicate
a surface cooling during the Younger Dryas (YD) cold period (9,
10) whereas others suggest SSTs increased (11–13). The only existing deglacial proxy records of intermediate-water change in the
western TNA are a benthic foraminiferal δ 18 O record from the
Tobago Basin at approximately 1.3 km depth (14) and a benthic
foraminiferal Mg/Ca record from the Florida Straits at approximately 750 m depth (15). Because observational and modeling
studies point to the subsurface between 300 and 600 m depth
14348–14352 ∣ PNAS ∣ September 4, 2012 ∣ vol. 109 ∣ no. 36

in the western TNA as the region most sensitive to AMOC variability (2), there is a dire need for high-resolution subsurface proxy
records of temperature change within this depth range.
To reconstruct vertical changes in the thermal gradient of the
TNA upper-water column over the past 22 ky, we measure δ 18 O
values and Mg/Ca ratios (as temperature proxies) in the planktonic foraminifera Globigerinoides ruber and Globorotalia crassaformis from southern Caribbean sediment core VM12-107.
Located between the Cariaco Basin and the Netherlands Antilles
(Fig. S1), the core site is within a region influenced by coastal
upwelling in the Bonaire Basin (Fig. 1).
Results
The age model for VM12-107 is based on 10 calibrated radiocarbon dates from planktonic foraminifera spanning the upper
270 cm of VM12-107, resulting in a deglacial sedimentation rate
of approximately 18 cm∕ky (Table 1 and Fig. S2). Radiocarbon
ages were converted to calendar ages using CALIB 6.0 (16), using
the standard 400–y reservoir age correction. Although recent
studies suggest reservoir ages in the nearby Cariaco Basin may
have varied by several hundred years during periods of AMOC
slowdown, such as the start of the YD and Heinrich Event 1 (H1)
(17–19), it is possible that these changes were a local effect within
the basin caused by restricted circulation during periods of lower
sea level (18) and that reservoir age changes in the open Caribbean/tropical Atlantic were much less. Furthermore, evidence
suggests that deglacial reservoir age changes in the tropical Atlantic were restricted to only brief periods at the beginning of the
YD, between 13.0 and 12.53 ky (17), and during H1 (18). Omission of the early YD radiocarbon date at 130 cm in the VM12-107
age model (calibrated age of 12.67 ky) only changes the timing of
the start of the YD in the VM12-107 record by approximately
100 y (Figs. S2 and S3) and does not change the interpretation
of the results.
G. ruber lives in the upper mixed layer in the southern Caribbean (20, 21). Although the life cycle of deep-dwelling planktonic
foraminifera can involve a vertical migration of several hundred
meters, G. crassaformis shell geochemistry indicates it mainly calcifies below the thermocline at a depth of 400–600 m in the southern Caribbean (20, 21). Based on shell oxygen isotope data,
recent studies on the deep-dwelling planktonic foraminifera
G. crassaformis and Globorotalia truncatulinoides from the Florida Straits and the Gulf of Mexico showed that, although G. truncatulinoides may have migrated to much shallower water depths
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Fig. 1. Site location and modern surface and subsurface hydrography.
Temperature (color) and salinity (contour) along density surface σ ¼ 1;026.8
that varies from approximately 200 m near the equator to approximately
600 m in the subtropics. The sharp subsurface temperature gradient along
the boundary between the subtropical and tropical gyres is evident, separating the warm SMW in the subtropical North Atlantic from the fresher tropical gyre water. This maximum subsurface temperature gradient forms at
approximately 300 m, extending to the western boundary and intersecting
with it near 10 °N. The two solid arrows indicate the southwestward subducted flow in the TNA and the northward AMOC return flow, respectively.
The dashed arrow indicates the equatorward western boundary flow resulting from bifurcation of the subducted flow at the western boundary. Competition between this equatorward flow and the northward AMOC return
flow is a key element of the subsurface oceanic gateway mechanism. (Inset)
Shows the annual mean temperature at 30 m depth in the southern Caribbean and the location of VM12-107 (11.33 °N, 66.63 °W; 1,079 m), just outside
the Cariaco Basin. Also shown are the locations of the Cariaco Basin and Laguna de Los Anteojos in northern Venezuela. The cooler temperatures near
site VM12-107 are caused by coastal upwelling and are reflected in the calculated core-top Mg/Ca temperatures from this site. The temperature and
salinity data are based on World Ocean Atlas 2009 (24, 38).
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thermocline over the last 7.2 ky. Because both temperature and
salinity affect foraminiferal δ 18 O values, this maximum Holocene
Δδ 18 O gradient suggests the vertical temperature/salinity gradient was reduced during the LGM and the deglacial.
Mg/Ca ratios in G. ruber were converted to upper mixed layer
temperatures using an Atlantic core-top calibration (21) (Fig. 2A,
see SI Methods and Fig. S4). Results indicate a core-top temperature of 25.7 °C, in agreement with the modern average annual
temperature of 25.6 °C at 30 m water depth at the core site (24)
(Figs. 1 and 2C). Because the core is located within an upwelling
region, it is not surprising that cooler subsurface temperatures
would have a greater influence on the average mixed layer temperature. The G. ruber Mg/Ca record indicates an LGM cooling
of 4.5 °C. Mixed layer temperatures initially increase at 18 ky and
warm to near modern values by 12.4 ky before abruptly cooling by
2.2 °C midway through the YD (Fig. 3A).
Because the abundance of G. crassaformis decreased through
the Holocene, the youngest measured G. crassaformis Mg/Ca ratio is at 5.43 ky (Fig. 2D). Although conversion of Mg/Ca ratios in
deep-dwelling planktonic foraminifera is not as well-calibrated as
in G. ruber, the calculated Mg/Ca temperature for this interval is
10.0 °C. This temperature corresponds to modern conditions at
400 m in the Bonaire Basin (24) and is in agreement with ecological studies (20, 25). Unlike the G. ruber temperature record,
the deglacial G. crassaformis Mg/Ca–temperature record indicates LGM subsurface temperatures that were slightly warmer
than those in the early Holocene. Most surprising, the warmest
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Table 1. Radiocarbon dates from VM12-107 based on mixed
samples of G. sacculifer and G. ruber specimens
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during the late deglacial and early Holocene, G. crassaformis
maintained a more constant depth habitat near the base of the
thermocline (22, 23). Therefore, we chose to use G. crassaformis
as a proxy for recording subsurface conditions within a constant
depth range across the deglacial.
The G. ruber δ 18 O record displays a glacial-interglacial difference of approximately 2.75‰, with the most positive values
during the Last Glacial Maximum (LGM) (Fig. 2A and Table S1).
In comparison, the G. crassaformis δ 18 O record indicates a smaller glacial-interglacial amplitude of only approximately 1.2‰
(Fig. 2B and Table S2). Comparison of the δ 18 O records shows
a maximum Δδ 18 O gradient between the mixed layer and the sub-

Calendar Age (kyr BP)
Fig. 2. Oxygen isotope and Mg/Ca records from site VM12-107 over the past
22 ky. Deglacial δ 18 O and Mg/Ca ratio records in G. ruber (upper mixed layer)
(A, C) and G. crassaformis (lower thermocline) (B, D) from southern Caribbean
core VM12-107. The following equations were used to convert Mg/Ca ratios
to temperature: for G. ruber, Mg∕Ca ¼ 0.38 exp½0.09  Temp: (21), and for
G. crassaformis Mg∕Ca ¼ 0.339 exp½0.09  Temp: (21). Note the abrupt subsurface warming events during the YD and H1 in the G. crassaformis (orange
line) temperature record. Analytical error on replicate Mg/Ca measurements
on G. ruber and G. crassaformis are also shown (C, D). (E) Bermuda Rise
231 Pa∕ 230 Th record (27) indicating changes in AMOC strength across the
deglacial. (F) Greenland NGRIP ice core δ 18 O record (26). Gray bars indicate
the YD and H1. Black triangles on x axis show calibrated 14 C-based ages in
VM12-107.
PNAS ∣ September 4, 2012 ∣

vol. 109 ∣

no. 36 ∣

14349

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES

3

o

A

24

VM12-107
mixed layer
temperature

B

22

28
26

1.6

22

C

1.4

VM12-107
sub-thermocline

1.2

D

1

1.7
2.1

E western

o

29

2.5

O

18

equatorial
Atlantic

27

eastern equatorial
Atlantic

F

26

Th
230

Pa /
231

o

0.06

G Bermuda Rise

0.07

24
reduced
AMOC

0.08
0.09

90

H
Los Anteojos

wet

-34
-36

I

-38

60
50
40

late early
YD YD

Greenland

70

% clastics

80

dry

O (‰ VSMOW)

Mg/Ca-SST ( C)

28
25
0.05

18

(‰ VPDB)

Tobago Basin
benthic
1.3 km depth

Cibicidoides ssp.

Mg/Ca-SST ( C)

24

o

Mg/Ca (mmol/mol)

Cariaco Basin
mixed layer
temperature

Mg/Ca-SST ( C)

Mg/Ca-SST ( C)

26

-40
-42
9

10

11

12

13

14

15

Calendar Age (kyr BP)
Fig. 3. Tropical Atlantic climate evolution across the YD. (A) The G. ruber
Mg/Ca–temperature record from sediment core VM12-107. Note the early
YD warming, followed by an abrupt cooling at 12.4 ky. (B) The G. ruber
Mg/Ca–temperature record from the Cariaco Basin (10) showing an abrupt
cooling at the onset of the YD. Note the coolest temperatures in the Cariaco
Basin correspond to the warmest temperatures at our study site. (C) Mg/Ca
ratios in G. crassaformis from VM12-107 indicating an abrupt subsurface
warming in the Bonaire Basin at the start of the YD. (D) The ice volumecorrected Tobago Basin benthic foraminiferal δ 18 O record (14), using an updated age model based on CALIB 6.0 (16), indicating a gradual warming at
1.3 km water depth across the YD. (E) The G. ruber Mg/Ca–SST record from
the western equatorial Atlantic (36) indicating significant warming during
the early YD. (F) An eastern equatorial Atlantic SST record (28) based on
Mg/Ca ratios in G. ruber. (G) Bermuda Rise 231 Pa∕ 230 Th record (27) indicating
changes in AMOC strength across the deglacial. (H) The percentage of clastic
sediments in a Venezuelan Andes lake core record indicating the development of extremely arid conditions during the early YD and a gradual return
to wetter conditions during the late YD (29). (I) The Greenland NGRIP ice core
δ 18 O record, indicating the abrupt return to cold temperatures in Greenland
during the YD (26). The gray and green bars indicate the early and late YD,
respectively.

subsurface temperatures correspond to the early YD, when subsurface temperatures averaged 6.8 °C warmer (SD 0.5, n ¼ 6)
than Holocene values (Fig. 2D).
14350 ∣

www.pnas.org/cgi/doi/10.1073/pnas.1207806109

Discussion
Acknowledging there is debate about the Mg/Ca–temperature
relationship in deep-dwelling planktonic foraminifera (21, 25),
the G. crassaformis Mg/Ca ratios during the early YD show a
57% increase relative to Holocene ratios and an 18% increase
at the start of the YD (Fig. 3C). This provides convincing evidence for an abrupt subsurface warming associated with the
initiation of the YD at 13.01 ky (þ0.24; −0.15 ky) that is within
age model error of the start of the YD in the North Greenland Ice
Core Project (NGRIP) ice core record at 12.896 ky (0.138 ky)
(26). Although not as well resolved, G. crassaformis Mg/Ca ratios
also increase by 15% at approximately 16 ky, likely reflecting
a subsurface warming associated with H1 as well (Fig. 2D
and Fig. S5). It is not surprising that the magnitude of subsurface
temperature change across H1 is not the same as during the YD,
given that the boundary conditions and AMOC states bracketing
these events were significantly different. Going into H1, AMOC
was already in a weakened LGM state, and is thought to have
decreased even further during the event (27) (Fig. 2E). In contrast, the period preceding the YD was characterized by a stronger AMOC state (27) (Fig. 2E). Thus, the greater subsurface
temperature response at the start of the YD may reflect a larger
magnitude of AMOC change. Additionally, AMOC remained in
a significantly weakened state after H1 and into the “Mystery Interval” for approximately another 1,000 y before rapidly increasing at the Bølling-Allerød transition at 14.5 ky (27) (Fig. 2E).
Therefore, we would not expect to find a subsurface cooling trend
on the transition out of H1, as observed in our record at the termination of the YD.
A Tobago Basin benthic foraminiferal δ 18 O record was interpreted to indicate intermediate-depth warming associated with
AMOC slowdowns during the YD and H1 (14) (Figs. 3D and 4A).
However, because benthic δ 18 O values are affected by variations
in water mass, salinity, and temperature, the cause of these δ 18 O
changes remains uncertain. Unlike the abrupt warming between
400–600 m at the onset of the YD suggested by the VM12-107 G.
crassaformis Mg/Ca record (Fig. 3C), the Tobago Basin benthic
δ 18 O record suggests a much more gradual warming across the
event at a depth of almost 1.3 km (Fig. 3D). In fact, most of the
warming in the Tobago Basin record occurs during the late YD, a
period characterized by subsurface cooling in the Bonaire Basin.
Therefore, it is likely that different mechanisms were responsible
for the temperature evolution at these two sites.
Changes in the 231 Pa∕ 230 Th ratio recorded in sediments from
the Bermuda Rise are thought to reflect AMOC variability across
the last deglacial (27). As AMOC is reduced, the export of 231 Pa
out of the Atlantic decreases, resulting in an increase in sediment
231 Pa∕ 230 Th ratios (Fig. 3G). Because the estimated response
time for this proxy is approximately 500 y (27), the 231 Pa∕ 230 Th
record will not reflect an abrupt change in AMOC. Therefore, the
increase in Bermuda Rise 231 Pa∕ 230 Th ratios at 12.7 ky is consistent with a major reduction in AMOC at the start of the YD at
12.896 ky (0.138 ky) in the NGRIP ice core record (Fig. 3I),
followed by a gradual strengthening of AMOC during the late
YD. Comparison of the Bermuda Rise 231 Pa∕ 230 Th record with
our G. crassaformis Mg/Ca record suggests that subsurface temperatures in the southern Caribbean warmed as AMOC abruptly
weakened at the start of the YD and that subsurface temperatures in the western tropical Atlantic gradually cooled as AMOC
strengthend during the late YD.
The G. ruber temperature record from VM12-107 also indicates an increase in mixed layer temperatures during the first
600 y of the YD (Fig. 3A), consistent with previous temperature
reconstructions from the western TNA (11–13, 28) (Figs. 3E
and 4A). Remarkably, both the G. ruber and G. crassaformis
Mg/Ca records indicate a cooling midway through the YD at
12.4 ky, well before the termination of the event in the Greenland
ice core record (Fig. 3I), suggesting that subsurface temperatures
Schmidt et al.
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Fig. 4. Water-hosing simulation results under LGM forcings and boundary
conditions. Changes in (A) surface (averaged between 5 and 35 m), and
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Time evolution of the subsurface temperature change averaged over the
maximum subsurface temperature gradient zone indicated by the rectangle
(Lower) is shown in Fig. S7. (A) Also shows the site locations (corresponding
to encircled numbers) for: (i) VM12-107 in the Bonaire Basin, (ii) the Tobago
Basin core M35003-4 (14), (iii) the western equatorial Atlantic core GeoB31293911 (28), and (iv) the eastern equatorial Atlantic core MD03-2707 (36).

acting the surface cooling induced by atmospheric processes (8).
This finding supports our proxy reconstruction indicating that
subsurface warming during the early YD significantly influenced
mixed layer conditions in the Bonaire Basin, located within a upwelling zone (Fig. 3 A and C).
Our new high-resolution paleotemperature reconstructions
and modeling analyses provide evidence that abrupt changes
in TNA climate were coupled to AMOC variability across the deglacial. The most likely explanation for the abrupt subsurface
warming in the southern Caribbean at the start of the YD is a
large change in horizontal heat advection near the maximum subsurface temperature gradient zone caused by weakening of the
western boundary current in response to a sudden AMOC reduction. As the western boundary current continued to weaken and
reach a threshold, warm SMW intruded into the equatorial zone
along the western boundary and subsequently spread into the tropical South Atlantic, producing surface warming south of the
equator (3). Previous SST reconstructions from the eastern tropical South Atlantic suggest a warming at the start of the YD (35,
36) (Figs. 3F and 4A), consistent with the subsurface oceanic gateway mechanism. Together with atmospheric-induced surface
cooling in the TNA, this caused the ITCZ to shift to its most extreme southern position during the early YD. Then, the SMW
gradually cooled because of atmospheric processes at their source
region, and the subsurface warming diminished in the TNA
during the late YD. This would cause SSTs in tropical upwelling
zones to also cool, affecting the position and strength of the ITCZ
during the second half of the YD, well before the termination of
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significantly influenced mixed layer conditions during this interval (Fig. 3A and C). As shown in a recent modeling study, subsurface warming associated with a reduction in AMOC can influence
mixed layer temperatures in zones of strong coastal upwelling (8).
Therefore, intensification of coastal upwelling in the TNA during
the YD is predicted to increase mixed layer temperatures at sites
along the western boundary current, as reflected in the VM12107 G. ruber Mg/Ca–temperature record. In contrast, a well-resolved G. ruber Mg/Ca–temperature record from inside the Cariaco Basin indicated a large cooling of 4 °C at the start of the YD
(10) (Fig. 3B). Because the Cariaco Basin’s shallow sill (<100 m
during the deglacial) would inhibit the inflow of warm subsurface
waters characteristic of the open TNA, the significant surface
cooling in the Cariaco Basin G. ruber Mg/Ca record is additional
evidence that regional mixed layer temperatures were influenced
by a strong subsurface warming. Unlike in the TNA, the mixed
layer cooling inside the Cariaco Basin most likely reflects a combination of atmospheric-induced cooling and increased upwelling
of cold intermediate waters restricted to inside the basin.
The Cariaco Basin G. ruber Mg/Ca–temperature record also
indicates a two-phased YD, with the most intense cooling and
strongest upwelling occurring during the first 600 y (Fig. 3B). Intensification of upwelling in the Cariaco Basin is consistent with a
southward displacement of the intertropical convergence zone
(ITCZ) and decreased rainfall over northern Venezuela. A recent
sedimentological study of a Venezuelan lake core (29) also suggested the most arid conditions in the southern Caribbean occurred during the first 600 y of the YD (Fig. 3H). Together, these
proxy reconstructions suggest the first half of the YD was most
extreme, when regional aridity and upwelling were at a maximum.
To determine if the subsurface temperature increase identified
in our proxy record during the YD is consistent with the previously identified mechanism found in an AOGCM water-hosing
simulation conducted under present-day conditions (3), we analyze a new set of water-hosing simulations using LGM forcings
and boundary conditions (30). Observational data show that
warm salinity maximum waters (SMW) from the North Atlantic
subtropical gyre are subducted and carried equatorward via the
North Atlantic subtropical cell (STC). However, the modern
equatorward pathway of the STC is blocked by strong northward
AMOC return flow along the western boundary, resulting in a
sharp subsurface temperature gradient separating the warm, salty
subducted SMW from the fresher tropical gyre water (31–33)
(Fig. 1). A recent modeling study showed that when AMOC and
its northward return flow weaken, the maximum subsurface temperature gradient zone at the western boundary gives rise to a
maximum subsurface warming (2). The warming responds quickly
to the freshwater forcing because of a planetary wave-adjustment
process (1, 3, 34). If the AMOC slowdown is sufficiently strong,
causing its return flow to be weaker than the equatorward branch
of the North Atlantic STC (dashed arrow in Fig. 1), the warm
SMW can flow into the equatorial zone and subsequently into the
tropical South Atlantic (2). Through upwelling, the subsurface
warming can influence SSTs, affecting the position and strength
of the ITCZ (3). However, this mechanism has only been identified in AOGCM experiments under modern climate conditions
(3) and has not yet been tested for past abrupt climate events.
Analyses of LGM water-hosing simulations confirm the operation of the subsurface oceanic mechanism under LGM climate
conditions (SI Methods, Figs. S6 and S7). Even with a relatively
weak freshwater forcing (0.1 Sv), the simulation produces a
substantial subsurface warming in the western TNA (Fig. 4B
and Fig. S8). The averaged temperature between 300–600 m
warmed by approximately 5 °C near the maximum subsurface
temperature gradient zone (Fig. 4B). At the surface, the model
simulation shows patches of surface warming off the northern
South American coast (Fig. 4A) produced by coastal upwelling
that brings the strong subsurface warming to the surface, counter-

the event in the Greenland ice core record (Fig. 3I). Therefore,
the transition out of the YD may have started with a reorganization of the tropical hydrologic cycle. Although this mechanism
most likely explains the subsurface warming associated with
H1, the evolution of the subsurface temperature response across
H1 is not the same as during the YD because of the differing
AMOC states bracketing each event. This study provides evidence that subsurface temperature changes along the TNA
western boundary current were a distinctive feature of AMOCinduced ocean circulation changes across the abrupt climate
events of the last deglacial, forming a critical teleconnection between high- and low-latitude climate change.
Methods
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and the 425–500-μm size fractions, respectively. Each G. ruber δ 18 O analysis
is based on 20 individuals, and each Mg/Ca measurement was made on at
least 50 shells (run in duplicate). Because there is less seasonal variability
in the thermocline and fewer deep-dwelling specimens, we used 4–6 individuals of G. crassaformis for each δ 18 O analysis and 6–10 for trace metal analysis, whenever possible. Samples for stable isotope analysis were sonicated
before analysis at Texas A&M University’s Stable Isotope Geosciences Facility.
Analytical uncertainty for our reported δ 18 O measurements is better than
0.07‰. Samples for trace metal analysis were first sonicated in rinses of ultrapure water and methanol, cleaned in hot reducing and oxidizing solutions,
and leached in dilute nitric acid. All clean work was conducted under trace
metal clean conditions. Samples were then analyzed using isotope dilution
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on a High-Resolution Inductively Coupled Plasma Mass Spectrometer at Texas
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